Considering the vast distances in space, how is data transmitted from spacecraft to scientists on the Earth?
in intense radiation environments. In addition to mechanical considerations, mission designers must make sure that the spacecraft is able to operate reliably on its own during much of the mission, communicate with the operators on the Earthground control-when needed, and transmit the gathered data safely to scientists for analysis. Each facility includes several large parabolic dish antennas (see Fig. 3 ), which listen for the faint signals arriving from deep space. Data sent by a spacecraft and received by the DSN is sent to the mission control that is in charge of the spacecraft.
The signals may contain information on the status of the spacecraft, in which case mission control may need to send instructions back to the spacecraft via DSN, or the data may be scientific data, in which case it is forwarded to scientists for analysis.
Data Transmission
Satellites operating near the Earth can receive commands almost continuously, but spacecraft venturing farther into the Solar System must be able to operate autonomously in-between receiving commands from ground control. This is because communication can only travel at the speed of radio waves; that is, the speed of light. Signals need to travel only a fraction of a second to reach near-Earth satellites, but it takes much longer to get to and from spacecraft exploring other worlds in the Solar System. For example, it takes radio signals over five hours to travel to the distance of Pluto. As a result, robotic spacecraft need to be able to operate on their own long periods of time, since there may be situations where problems need to be solved immediately, and waiting for a reply is not feasible. In addition to the slow pace of communications, there are other difficulties in communicating with spacecraft traveling in deep space. For example, spacecraft operate within a limited power budget, whether they are solarpowered or use a nuclear power source. This causes the transmitted signals to be faint, and large radio antennas on the ground are needed to receive them. All these considerations require data transmission to be as efficient as possible.
The basic unit of data in computer operations and communications is called a "bit." A bit is like a light switch: it can be either on or off. A single bit is represented as a one or a zero, and data is composed of long strings of ones and zeros. For example, the ASCII (American Standard Code for Information Interchange) encoding system uses eight-bit strings to represent text characters; e.g., "0110 0001" for the letter "a," "0100 0001" for the letter "A," "0110 0010" for the letter "b." This way text can be transmitted easily in digital format.
The rate of data transmission can be expressed in how many bits are sent in a second: the bit rate can be given as bps (bits per second), kbps (kilobits or thousands of bits per second) or mbps (megabits or millions of bits per second.) The bit rate of a typical home dial-up modem is about 56,000 bps (or 56 kbps). The typical download bit rate of a DSL ("Digital Subscriber Loop," or "Digital Subscriber Line") modem is between 128 kbps and 24,000 kbps (or 128,000 and 24,000,000 bps).
The typical download speeds for residential cable modems are between 3 and 15 mbps (or 3,000,000 and 15,000,000 bps), and can reach speeds up to 1,000 mbps. The rate at which data is transmitted is often referred to as bandwidth.
Flowcharts

Because of the long communication times between spacecraft exploring other worlds in the Solar
System and ground control on the Earth, the computer programs operating the spacecraft must be reliable and well-designed. An important tool in designing efficient computer programs is the use of flowcharts. A flowchart is a visual representation of steps that need to be taken to complete a task. For example, one could write a flowchart to provide instructions on how to assemble a bookshelf, how to complete a tax form, or how to write a computer program to solve a problem. Flowcharts describe the individual steps that need to be taken to complete the task and the connections between the steps. In this manner, they help the person designing the task to understand the flow of the process better, to identify areas that could pose problems, and to communicate the process to others. 2. Draw a table with three columns on the blackboard (or whiteboard) like the one below (but without the data). Fill in the rows one at a time; for each row, write in the data for the first two columns, and then have the students calculate the signal travel time using calculators or scratch paper before filling in the last column. Note that the "Distance from the Earth" given for the planets is the difference between the average distances of the Earth and the planet from the Sun. In reality the distance is different when the two planets are on the same side of the Sun and when the two planets are on the opposite sides of the Sun. The distance between the Moon and the Earth is also the average distance between the two objects.
Object
Distance from the Earth Signal Travel Time 3. Ask the students if, considering the distances between the planets and the resulting lengthy signal travel times, there are any concerns they might have when designing a mission to explore other worlds in the Solar System? Write down suggestions. Make sure you get ideas stating that you would like to make sure the spacecraft (including its computer programs)
is reliable, as well as issues such as the difficulty of transmitting data across large distances.
Ask the students if they can think of ways to solve the problems.
Can You Hear
Me Now?
Standards Benchmarks
Science Overview
Resources
Answer Key
Lesson Overview activity 1: c r a f t i n G a f L o w c h a rt
In this activity, students examine one way engineers can make sure computer programs operating spacecraft are reliable: using flowcharts as the first step in writing a computer program. A flowchart is a pictorial outline of a process that gives a quick and convenient way to see what the program is designed to accomplish. As an example, the students design a flowchart to determine whether a given year is a leap year or not. preparation 1. Make copies of Student Worksheet 1 (one per student).
For computer or design classes, you may want to have students use
diagram-drawing software that may be available on their computers (see the 3. Discuss the advantages and disadvantages of an autonomous spacecraft: a robotic spacecraft that is not continuously controlled by humans. For example, one advantage could be that the spacecraft does not have to be constantly watched; we have some confidence that it can take care of itself. But on the other hand, the scientists and engineers lose a certain amount of control over the spacecraft when it has already been programmed to react in a certain way in a given situation. One solution is to have a spacecraft that can operate autonomously much of the time but is able to receive instructions from the Earth before or during critical operations, which is, in fact, how most modern spacecraft operate. 2. Choose a book (or a magazine) that the students will use to count data information rate. Count the number of words on one page of your choice. procedures 1. Ask the students to come up with a list of different ways to send a message to a friend living 100 km (62 miles) away (e.g., letter, telegraph, phone call, fax, email, instant message, text message). Which ways are the fastest? Which are the slowest? How can we measure how fast each of these methods sends the data, or which sends the most data in the least amount of time?
Can You Hear
2. Explain to the students that computer engineers (and spacecraft engineers), talk about "bit rate," which measures how many bits of information can be sent each second. Tell the students that the class will examine what this term really means. Take out a book, and have a student read a page out loud at a regular speed while another student uses a stopwatch to time how long it takes to read the page. Have the student read the page a second time, this time as fast as possible, while making sure that the other students can understand what the reader is saying. You can have different students read as fast as they can to find out what is the maximum reading rate in your class. (The typical maximum is a few words per second.) You can calculate how long it would take to read the entire book by multiplying the time it took to read one page by the number of pages in the book.
Materials
Per class:
Per student:
Can You Hear Me Now?
Standards Benchmarks
Resources
Lesson Overview 3. Tell the students that you are going to change the reading rate to a bit rate. In computer operations and communications the basic unit transmitted, a "bit," is like a light switch: it can be either "on" or "off." A single bit has a value of "one" or "zero", and by combining several bits together, you can transmit larger pieces for information. For example, the ASCII encoding system uses eight-bit strings to represent text characters; e.g., "0110 0001" for the letter "a," "0100 0001" for the letter "A," "0110 0010" for the letter "b." Using this system, let's assume it takes 8 bits to code each letter in the book, and that there are 5 letters per word, so that there are 40 bits per word. If the reading rate in your class is 4 words per second, for example, this translates to a bit rate of 160 bits per second. For comparison, the bit rate of a typical home dial-up modem is about 56,000 bits per second (bps), or 56 kbps (kilobits per second). The typical download bit rate of a DSL modem is between 128 and 24,000 kbps (or 128,000 and 24,000,000 bps). The typical download speeds for residential cable modems range from 3 mbps (megabits per second) to 15 mbps (or 3,000,000 and 15,000,000 bps) and
can reach speeds up to 1,000 mbps. The rate at which data is transmitted is often referred to as bandwidth.
4. You can make the problem harder by introducing background noise. You can go outside near a noisy street, or in front of a loud fan, or turn on background music fairly loud, and have the students read the page out loud again. Point out to the students that if the page is read very quickly, the words can get lost in the noise. The reader has to be careful and make sure that each word is clearly pronounced, which makes it necessary to slow down. Time the reading again and calculate what the bit rate is with background noise. As a further complication, explore with the class how the bit rate changes if the reader moves 3 m (10 feet) away from the person who is listening.
5. Explain to the students that spacecraft face similar problems when they are sending signals across the vastness of space. Just as the students' "bit rate" drops when the reader moves further away, or when there is background noise, a spacecraft's effective bit rate drops when its radio signal weakens with distance, or when it has to overcome interference (such as when its signal has to pass near the Sun, which can generate a great deal of radio noise). For example, the MESSENGER spacecraft will communicate from its orbit around Mercury with ground control on the Earth at a peak data transmission rate of 400 bits per second (when averaged over peak transfer rate and times when the spacecraft cannot communicate at all due to its position.) At this rate, how long would it take for MESSENGER to read the book the students used?
Standards Benchmarks
Resources
Lesson Overview 6. Have the students brainstorm ways to overcome the problem of low bit rate. Make sure to bring out the idea of somehow compressing the data. How could the students rewrite the page to compress the information? (Desired answer: possibilities include removing spaces between words or paragraphs, using shorthand for common words, such as "&" instead of "and", etc.) 7. Explain to the students that compression is especially important for pictures, because they contain so much data. Computer pictures are made of pixels (picture elements), single points (or, rather, tiny squares.) The number of pixels in an image tells how high the resolution is: the more pixels in an image, the better it looks to the human eye. That is why digital cameras, for example, express their resolution in megapixels (millions of pixels.) Each pixel contains several bits of data, and the more bits used to describe a pixel, the more color depth the image has. But, as a result, the size of the data that needs to be stored or transmitted becomes larger, and the need to compress the data becomes even more important.
8. Hand out copies of Student Worksheet 2, and explain that the students will investigate how picture data can be compressed. You may want to show the first picture of the asteroid in the Worksheet (Fig. S2 ) and have the students brainstorm ways to somehow compress the picture data before handing out the Worksheet. Have the students work individually or in pairs to complete the Worksheet.
Teaching Tips
▼ Question 9 of Student Worksheet 2 asks the students to compare images of different resolutions. Some of the details may be lost during photocopying, so you may want to either print the pages with the images directly from the file (rather than photocopying these pages from a printout) or instruct the students to look at the images in the PDF version of this lesson, rather than in the printout. Teaching Tips ▼ Question 9 of Student Worksheet 2 asks the students to compare images of different resolutions. Some of the details may be lost during photocopying, so you may want to either print the pages with the images directly from the file (rather than photocopying these pages from a printout) or instruct the students to look at the images in the PDF version of this lesson, rather than in the printout. 3. Discuss with the students the different ways that scientists have gathered data of other planets over the history of planetary studies, from drawing features of planets seen through a telescope, to capturing pictures on photographic plates, and to using modern digital camera systems. What kind of communication and data capture devices might be possible in the future?
Lesson adaptations
For vision-impaired students, you may want to use sound files created/modified using different levels of compression instead of the three image files in Student Worksheet 2. The same principles apply for sound files as for image compression: one can choose a smaller file size for some loss in quality. Most computer audio software gives the option of copying a sound file at different types and levels of compression.
Can You Hear
Standards Benchmarks
Resources
Lesson Overview extensions ▼ Using a computer programming language of your (or the students') choice, have the students write a program based on their flowchart determining whether a given year is a leap year.
▼
To explore the kind of data that the spacecraft send to scientists for analysis using the communications strategies discussed in this lesson, adapt the Mission Design Middle School Lesson 3: "Look But Don't Touch" for your students. Even though the lesson is targeted toward grades 5-8, it can be adapted easily for use at the high school level.
Have the students research spacecraft missions that have failed due to computer malfunctions.
Can the students think of ways the malfunctions could have been prevented? A good place to look for information for lost spacecraft is to go through the "Chronology of Lunar and In Activity 1, the students learned how spacecraft can be programmed effectively so that they can operate in deep space, gather data of their target, and send the data back to the Earth.
In Activity 2, the students learned how the gathered data can be compressed before sending it to the Earth for analysis. Discuss with the students how these two issues are related, whether there are any other communication barriers between spacecraft and ground control, and how we might solve them. Revisit the list of possible communication issues the students came up with during Warm-Up, and make sure all the entries have been discussed. Arrows indicate the direction of the flow of information, or the sequence of activity.
A loop is created when the flow of the program returns to a point where it has been already, as a result of a decision to redo something, for example. Flowcharts are not only useful for designing computer programs; they can be made for almost any process. Figure S1 shows an example of a flowchart describing an everyday activity. press "TV o " YES YES NO NO Figure S1 . An example of a flowchart: how to watch television.
Ovals Ovals
Squares or Rectangles
Student Worksheet 1: To Leap or Not to Leap
Introduction
When robotic spacecraft venture out to explore other worlds in the Solar System, one of the big challenges the mission designers have to consider are ways for the spacecraft to send as much data as possible back to the Earth. However, transmitting data across the vast distance of space can be done only at a limited rate. One way to overcome this problem is to edit and compress the data aboard the spacecraft to reduce the total size of transmitted data that is sent to the Earth.
Let's examine how pictures taken by spacecraft can be compressed in different ways. Digital picturessuch as those taken by spacecraft or by everyday digital cameras-are made of a large number of small pieces (squares) of data called picture elements or pixels. Each pixel contains information about its part of the image, such as brightness and color. The more pixels in an image-the higher its resolution-the better the image looks to the human eye.
The data in the pixels is contained in individual "bits" of information. A bit is the basic unit of data in computer operations and communications. A bit is like a light switch; it can be either "on" or "off."
A single bit has a value of "one" or "zero," and by combining several bits together, you can transmit larger pieces for information. The number of bits that make up a pixel tells you the quality of the image;
especially the number of colors that can be portrayed in the image. For example, if there are 8 bits per pixel, the picture may include 256 different shades of colors, while if there are 24 bits per pixel, the picture may portray almost 17 million different colors. But the more bits there are in a pixel, and the more pixels that make up an image, the larger the size of the image, and the longer it takes to transmit it.
Example image: Asteroid
Let's imagine that a spacecraft captures an image of an asteroid with a camera that takes pictures at a resolution of 16×16 pixels (see Figure S2 .) In this case, the asteroid image is made of 256 pixels. Since the image is black and white-that is, it only contains two colors-we can assign a certain value (for example, "1") to the filled (black) pixels and another (for example, "0") to the unfilled ( 1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1 If we know the resolution of the image-how many pixels the image contains in each direction-we can use the string of numbers above to reconstruct the image (in a real situation we would also need to know how many bits each pixel contains, since the "0"s and the "1"s above each could contain several bits of information.)
1. Let's imagine that you need to compress the image somehow before sending the data to the Earth.
Are there ways you can think of that the information in the picture could be presented with fewer pixels? Without 1) losing any data (called a "lossless" compression method), or 2) with losing some data but not a lot of important data (called a "lossy" compression method)? Write down at least one suggestion for each.
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Lossless compression
When using a lossless compression technique, the size of the image file is reduced without losing any of the information in the file. This means that the compressed file will take up less space, but when it is decompressed, it will have the exact same information as the original file. Let's see how we could use a "lossless" compression technique to recreate the asteroid image with a smaller number of pixels. Since the asteroid image ( Figure S2 ) is composed of a string of "1"s and "0"s, instead of listing the value for each pixel, we can sum up strings of pixels of the same value. In this case (see Figure S3 ), the first filled pixel (upper left corner), has the value "1." However, instead of repeating the value "1" several times in the next few pixels, we can instead assign to the following pixel the number of pixels that follow the first one and are identical to it. In this case, the number is 8. As a result, instead of using 9 pixels of data you only use 2. To mark the fact the we no longer need the next seven pixels in the image, we can mark them with an "X." The 10th pixel in the original image is unfilled (equal to "0"), so we mark it again with a "0." This pixel is now followed by a series of 14 filled pixels (6 on the first pixel row of the image, and eight on the second), so we mark the first of these pixels with a "1", the second with "13" to mark the number of pixels that repeat the same value, and the rest of the filled string with "X," etc.
2. Continue the process of summing up similar pixels and fill the pixels in Figure S3 with the appropriate values. 3. Note that on the fourth row of the image, the two unfilled pixels are given values "0" and "0" instead of "0" and "1" as the procedure described above would instruct. Why is this the case?
4. Write down the string of pixels (without line breaks) that result from summing up the strings of pixels (remember to leave out the "X"s.) 5. How does this compare with the pixel string for the original image? How many pixels do you save by summing up the strings of pixels with the same value? How did you come up with this number?
Lossy compression
In a lossy compression method, the size of the data file is reduced by removing small pieces of information from the file. If the changes are not large, no major harm is done but the reduction in the file size can be significant. In fact, lossy compression methods are much more effective at reducing data file sizes than lossless techniques, and they are widely used today. One simple way to compress the asteroid image ( Figure S2) is (1+1+1+1)/4 = 1 (see Figure S4 .) This is the case for the first four pixels of the compressed image. The fifth pixel in the compressed image is averaged from original image pixels that contain both "1"s and "0"s. That means that the value of the fifth pixel is (1+0+0+0)/4 = 1/4. Likewise, the value of the sixth pixel in the compressed image is (1+1+0+0)4 = 1/2, etc. fill Figure S4 with the resulting values for each pixel of the compressed image.
7. You can now use the calculated values (from 0 to 1) to indicate how dark the pixel is. That is, if the value of the compressed pixel is "1," it is black (or dark grey.) If the value of the pixel is "0," it is white (unshaded.) A pixel with a value of 1/2 is shaded halfway between the two end colors, a pixel with a value of 3/4 halfway between the shade of pixels with values "1" and "1/2," etc. a) Shade the pixels in Figure S5 according to the values you marked in Figure S4 Figure S4 .
8. How does the number of pixels in the compressed 8×8 image compare with the number of pixels of the image compressed using a lossless compression method (calculated in Step 4)?
File size versus picture quality
Unlike the asteroid picture in Figure S2 , which only has 16 pixels in each direction, most images taken by a spacecraft have a lot of pixels. Figure S6 shows an image of the surface of the planet Mercury taken by the MESSENGER spacecraft. Figure S7 shows the same image, but with the number of pixels reduced to 1/4 the original number in each direction using a lossy compression method, while Figure S8 shows an image where the number of pixels is reduced to another 1/4 in each direction. Figures S6 and S7 , but the image has been compressed so that the number of pixels in each direction is 1/4 of the number of pixels in Figure S7 , or 1/16 of the original in Figure S6 . a) How long would it take to transmit the image shown in Figure S6 ? b) How long would it take to transmit the image shown in Figure S7 ? c) How long would it take to transmit the image shown in Figure S8 ? d) What if there was a limit to the total amount of data you can receive from the spacecraft? Would you be willing to spend enough time to receive a couple of images similar to Figure S6 , or would you rather have many images similar to Figure S7 1. Answers will vary. Since it is up to the students' imagination how to reduce the size of the image, there are no wrong answers, as long as the lossless method truly does not lose any of the information in the image.
Completed asteroid image:
3. If the two pixels were given as "0" and "1," the second pixel could be thought of as being filled. In this case, since "0" and "1" are reserved for describing the color of the pixel, they cannot be used to denote the number of pixels with the same color. 
The pixel transmission string is
1-8-0-1-13-0-4-1-10-0-4-1-9-0-0-1-1-0-0-1-6-0-9-1-4-0-10-1-4-0-7-1-0-1-5-0-2-1-0-3-1-0-2-1-2-0-12-1-3-0-7-1-0-0-1-3-0-11-1-3-0-4-1-0-4-1-6-0-5-1-11-0-2 5. The compressed pixel string is much shorter than the original string. It also contains numbers other than "0" or "1." 181 pixels are saved. The number can be calculated by counting the number of "X"s in Figure S3 , or by comparing the number of pixels in the original transmission string (16×16 = 256 pixels) and the reduced pixel transmission string in Step 4 (75 pixels.) 6. Completed Figure S4 8. There were 75 pixels in the image compressed with a lossless compression method, and 8×8 = 64 pixels in the image compressed with the lossy method. As usually is the case, the lossy method compresses the image more than the lossless method. 9. Answers will vary. Some of the points students may bring up include the fact that Figure   S7 is not as clear as Figure S6 but still acceptable, while Figure S8 looks very choppy ("pixellated".) The smallest craters are not be visible in Figure S7 , but the larger ones are; in Figure S8 only the largest craters are visible. In Figure S7 , the shapes of the crater rims and features on the crater floors are difficult to see, while in Figure S8 , the medium-size craters appear just as unresolved circular features, and it might be difficult to recognize them as Figure S7 (though they appear not quite as sharp as in Figure S6 ), but they are difficult to identify in Figure S8 The file sizes of Figures S7 and S8 are much smaller than Figure S6 , but the quality of the data is also poorer (more so for Figure S8 than S7.) 10. a) 1018 × 1024 pixels × 8 bits per pixel / 400 bits per second = 20,849 s (5 hrs 47 min) b) 255 × 256 pixels × 8 bits per pixel / 400 bits per second = 1,306 s (21 min 46 s) c) 64 × 42 pixels × 8 bits per pixel / 400 bits per second = 54 s d) Answers will vary. Some students may prefer high-quality images which can yield a lot of information in close study, while others may prefer to receive several images which could then be compared with each other. 11. Answers will vary according to the file formats and image conversion software used.
MESSENGER Mission Information Sheet
MESSENGER is an unmanned NASA spacecraft that was launched in 2004 and will arrive at the planet Mercury in 2011, though it will not land. Instead, it will make its observations of the planet from orbit. MESSENGER will never return to Earth, but will stay in orbit around Mercury to gather data until at least 2012. MESSENGER is an acronym that stands for "MErcury Surface Space ENvironment, GEochemistry and Ranging," but it is also a reference to the name of the ancient Roman messenger of the gods: Mercury, after whom the planet is named.
MESSENGER will be only the second spacecraft ever to study Mercury: In 1974 and 1975 Mariner 10 flew by the planet three times and took pictures of about half the planet's surface. MESSENGER will stay in orbit around Mercury for one Earth year; its close-up observations will allow us to see the entire surface of the planet in detail for the first time.
Sending a spacecraft to Mercury is complicated. The planet is so close to the Sun that MESSENGER will be exposed to up to 11 times more sunlight than it would in space near Earth. To prevent the intense heat and radiation from having catastrophic consequences, the mission has been planned carefully to make sure the spacecraft can operate reliably in the harsh environment. To rendezvous with Mercury on its orbit around the Sun, MESSENGER uses a complex route: it flew by the Earth once, Venus twice, and Mercury three times before entering into orbit around Mercury.
The MESSENGER spacecraft is built with cutting-edge technology. Its components include a sunshade for protection against direct sunlight, two solar panels for power production, a thruster for trajectory changes, fuel tanks, and radio antennas for communications with the Earth. The instruments aboard MESSENGER will take pictures of Mercury, measure the properties of its magnetic field, investigate the height and depth of features on the planet's surface, determine the composition of the surface, and in general observe the properties of the planet and its space environment in various parts of the electromagnetic spectrum and via particle radiation studies.
During its mission, MESSENGER will attempt to answer many questions about the mysterious planet.
How was the planet formed and how has it changed? Mercury is the only rocky planet besides the Earth to have a global magnetic field; what are its properties and origin? Does ice really exist in the permanently shadowed craters near the planet's poles? Answers to these scientific questions are expected to hold keys to many other puzzles, such as the origin and evolution of all rocky planets. As we discover more, we expect that new questions will arise. You could be the one answering these new questions! For more information about the MESSENGER mission to Mercury, visit: http://messenger.jhuapl.edu/ M E S S E N
